respirator. A midline sternotomy was performed and the aorta and its branch vessels were isolated and cleaned of adventitia and fat. The azygos vein was then ligated and the pericardium opened. Stab incisions were made in the lateral right atrial wall and right atrial appendage, through which retrograde cannulation of the venae cavae using /-inch tubing was achieved. This technique has been described.5 These cannulas drained by gravity to a 5-liter reservoir from which a 3/4-inch tube passed through a mechanical roller pump, and the return tube from the pump was sutured to the right atrial free wall and passed through the tricuspid valve into the pulmonary artery. Heparin (5000 U) was given in a bolus and the reservoir primed with 1 liter of Ringer's lactate. Ligatures around the venae cavae and pulmonary artery were tightened as right-heart bypass was instituted. The roller pump, which had been calibrated using a stopwatch and graduated cylinder, could then be set to achieve and maintain left cardiac output within strict limits. When venous return did not keep up with forward flow, a maximum of 1 liter of Ringer's lactate was added to the reservoir. Cardiac output using the roller pump could be varied between 0.5 and 6 1/min flow and Doppler flow measurement made over flows varying in increments of 0.5 1/min. Calibrated electromagnetic flow probes (Gould-Statham SP2204) were periodically also placed 2 cm distal to the aortic valve to verify roller pump accuracy, and were used in each of the dogs over two to three cardiac outputs, but not for every roller pump setting.
A MAJOR DIFFICULTY in determining cardiac output using quantitative Doppler echocardiography is an inability in many cases to adequately visualize and quantitate internal aortic diameter in the area of Doppler sampling.`A In normal Doppler flow calculations, small errors in internal diameter measurement for vessels are raised to the second power when calculating cross-sectional area. Moreover, suprastemal notch aortic imaging tends to optimize Doppler flow recordings, but produces significant difficulties for determination of ascending aortic cross-sectional area. Even when aortic diameter can be accurately measured, it is unclear in the curved ascending aorta what portion of the anatomical flow cross section has a flat flow profile. 5 We studied a method for Doppler quantitation of transmitral flow using echocardiographic views of the mitral valve that are reliably obtained in clinical twodimensional echocardiographic examinations of adult patients. We validated this method in an open-chest animal model in which flow could be tightly controlled and accurately measured.
Methods Validation Studies: Surgical Techniques and Animal Model
Fifteen dogs that weighed 20-25 kg were given pentobarbital, 30 mg/kg, and ventilated using a Harvard respirator. A midline sternotomy was performed and the aorta and its branch vessels were isolated and cleaned of adventitia and fat. The azygos vein was then ligated and the pericardium opened. Stab incisions were made in the lateral right atrial wall and right atrial appendage, through which retrograde cannulation of the venae cavae using /-inch tubing was achieved. This technique has been described. 5 These cannulas drained by gravity to a 5-liter reservoir from which a 3/4-inch tube passed through a mechanical roller pump, and the return tube from the pump was sutured to the right atrial free wall and passed through the tricuspid valve into the pulmonary artery. Heparin (5000 U) was given in a bolus and the reservoir primed with 1 liter of Ringer's lactate. Ligatures around the venae cavae and pulmonary artery were tightened as right-heart bypass was instituted. The roller pump, which had been calibrated using a stopwatch and graduated cylinder, could then be set to achieve and maintain left cardiac output within strict limits. When venous return did not keep up with forward flow, a maximum of 1 liter of Ringer's lactate was added to the reservoir. Cardiac output using the roller pump could be varied between 0.5 and 6 1/min flow and Doppler flow measurement made over flows varying in increments of 0.5 1/min. Calibrated electromagnetic flow probes (Gould-Statham SP2204) were periodically also placed 2 cm distal to the aortic valve to verify roller pump accuracy, and were used in each of the dogs over two to three cardiac outputs, but not for every roller pump setting. 1.
., " 'I 1 873 VOL 67, No 4, APRIL 1983 cardiac output never differed from the first observer by more than 5%. For flow calculations, mitral inflow Doppler velocity flow curves from three sequential beats were digitized using a programmable graphics analyzer (Numonics) in order to obtain a mean mitral flow over time for the entire cardiac cycle. Although the scanner provides spectral analysis for quantitating all the velocities within the sample volume, the spectral output relates the number of times a particular velocity appears FIGURE 3. ranged from 6.6 to 63 ml/beat. Doppler transmitral temporal mean velocity corrected for angle ranged from 5-23.4 cm/sec and peak velocity corrected for angle ranged from 27-117 cm/sec. An angle of 00 was calculated between the sampling direction and the direction of mitral flow for 80% of data points, and all other sampling angles were less than 15°. A linear correlation (r = 0.97) with a standard error of the estimate of 0.23 1/min was obtained between Doppler output and roller pump determinations ( fig. 4 ).
Mitral Valve Orifice Area vs Cardiac Output
The effect of various roller pump settings on maximal mitral valve orifice size was studied in five dogs. Within the range of 1.0-5.0 1/min, maximal mitral valve orifice size and cardiac output were highly correlated (r 0.90, 0.98, 0.94, 0.85 and 0.99) in each of the five dogs in whom we rapidly and sequentially performed mitral imaging while changing the cardiac output ( fig. 5 ).
Spectral Dispersion
Spectral width for mitral flow (±+ 6 db) in the dogs (even at high flows) was less than + 10 cm/sec.
Mean to Maximal Mitral Valve Leaflet Separation
The ratio of mean to maximal mitral valve separation used for correction of the two-dimensional echocardiographic orifice area on derived M-mode echocardiograms was 0.70-0.85 (mean 0.81).
Discussion
We' 4 5 Imaging and Doppler flow recording at the mitral valve orifice offers a number of advantages over suprasternal recording. Short-axis views allow the mitral valve leaflet tips to be imaged in a plane roughly perpendicular to the ultrasound beam, while in the fourchamber view, Doppler flow into the left ventricle is recorded parallel to the interrogating ultrasound beam. Using this method, ambiguity in determination of cross-sectional area is therefore minimized, while Doppler flow velocities are optimized. Also, by using the cross-sectional short-axis orifice view, the mitral orifice area could be determined by planimetry, avoiding the need to raise a diameter to the second power in the calculation of cardiac output. Further, the change in mitral valve orifice size with roller pump flows suggests that the mitral valve orifice adapts to encompass the flow stream passing through it. In this respect, our data confirmed work by Rasmussen and co-workers, who demonstrated a method for calculating stroke volume in humans using mitral valve motion.8 In the individual dogs the correlation between maximal mitral valve orifice size and rolier pump flow was 0.85-0.99. The implication of this finding for clinical use suggests that it is not enough to follow serial changes in left ventricular inflow velocities without also obtaining corrected mitral valve orifice sizes, nor is it enough to record mitral orifice size alone as an estimate of cardiac output, because presumably, the maximal orifice available plateaus at high cardiac output and is ultimately limited by left ventricular cavity dimensions. In the two smallest of the five dogs studied in this fashion, a leveling off of mitral valve orifice size was seen at cardiac outputs approaching 5 Our animal results in which rigidly controlled roller pump cardiac output was compared to Doppler flow using the mitral valve orifice method achieved excellent correlation (r = 0.97). These results may be explained in part by the simultaneous measurements, lack of beat-to-beat variation, and consistency of heart rates, since all the necessary views could be obtained in 1-2 minutes. The technique of using the roller pump as a right-heart bypass to control left-heart inflow and outflow further avoids the 10-15% variations inherent in thermodilution techniques9 and also probably contributed to the accuracy of the results.
We recently attempted to apply this method in 18 adult patients who were studied in the coronary care unit to determine the clinical value of the mitral valve method. Admission diagnoses included myocardial infarction in 12 patients, pulmonary embolism in one patient and sepsis in one patient. Four patients had undergone coronary artery bypass grafting. None had mitral valve disease or mitral insufficiency. The criteria for inclusion in the clinical study were previous clinically indicated placement of Swan-Ganz thermodilution catheter and the ability to image the mitral valve orifice and to record Doppler flow from apical views. In this unstable and critically ill population, 15 of the 18 patients were successfully imaged. Examinations lasted 10-15 minutes. The procedure for obtaining flow data and orifice imaging data was similar to that used in the animal studies, but a sample length of 1-2 cm was used in human studies ( fig. 6) 
